A conductive nanoink was prepared using copper nanoparticles (CNPs). In order to prevent the oxidation of CNPs, the particles were coated by 1-octanethiol using Vaporized Self-Assembled Multi-layers (VSAMs) method. The coating of 1-octanethiol onto CNPs was confirmed by transmission electron microscope (TEM) and X-ray photoelectron spectroscopy (XPS). Dispersion stability of CNPs was checked by monitoring its viscosity over 6 weeks. The sheet-type of patterned samples using the fabricated ink was sintered at 350 and 230°C, respectively. Electrical resistivity was measured to be 5.69 © 10 ¹8 ³·m when sintered at 350°C and 7.67 © 10 ¹8 ³·m when sintered at 230°C. These results were 3.4 and 4.6 times than the value for bulk copper. During the sintering process, the optimum temperature of removing organic materials was found to be 200°C. This removal temperature dramatically influenced necking and the density of samples. Therefore, 1-octanethiol VSAMs and 1-octanol ink were used successfully for the low-temperature sintering process to fabricate conductive Cu patterns by finding the optimum temperature of 200°C for complete removal of organic materials prior to the sintering process.
Introduction
Recently, patterning technologies have been developed to overcome issues with photolithography, as demand for transparent, low-cost substrates for flexible displays and devices increases. Screen printing, nano-imprinting, jet printing and direct printing technology are emerging patterning field technologies to replace conventional photolithography. 17) Photolithograpy, one of the most widely used in semiconductor process, has been developed by many researchers for mass production. However, it requires toxic chemicals and consists of many fabrication processes, resulting huge material loss. Therefore, many researchers have studied alternative process to solve these problems. The inkjet printing process has much less fabrication processes and also it does not require toxic chemicals. And inkjet printing technology can be used in Radio-Frequency Identification (RFID), Printed Circuit Board (PCB), display, solar cell, bio products and so on.
812) The copper powders used in inkjet technology for line patterning, are focused in this study, because of its high electrical and thermal conductivity and low cost. However, using nano sized copper powders for a ink has a critical disadvantage of easy oxidation in air.
To overcome this problem, copper nanopowder synthesis in wet solution was used widely but it requires long processing time and toxic materials. 13) These nanopowders need to be in non-oxidizing environment before sintering. In this study, the dry coating Vaporized Self-Assembled Multi-layers (VSAMs) method is employed to remedy weaknesses of wet method. Also it can be used for in-situ process with dry powder making method. 1-otanethiol (CH 2 (CH 3 ) 7 SH), one of the alkanethiol (CH 2 (CH 3 ) n SH), is used for dry coating method. It is coated on the surface of CNPs for oxidation prevention as long as fresh metal surface is exposed to bond with Sulfur which is at the end of 1-octanethiol chain. It has been studied that the oxidation prevention layers formed by CuS bonding can protect from oxidation for 35 days. 7, 14, 15) Coating thickness of 1-octanethiol layers is controlled from 4 to 10 nm by varying experimental parameters. 7) Moreover, 1-Octanethiol can be easily removed before sintering copper because it has a burnoff temperature at 197°C. Therefore, copper particles are protected from oxidation until sintering step is completed.
1-octanol, which has a similar molecular structure as that for 1-octanethiol, was used as a solvent for stability of dispersion. It can be easily removed during sintering because it has a low flash point of 80°C and a boiling point of 196°C. The aliphatic chain group like 1-octanethiol and 1-octanol can have a polarity or apolarity with their CH 3 chain length. 1-octanethiol and 1-octanol have enough chain length for being non-polar for good dispersion. Therefore, 1-octanol was considered to be a good solvent for copper powders coated by 1-octanethiol to be dispersed like mixing of non-polar liquid. Studies done by Haque et al. investigated sintering mechanism of Vapor Self-Assembled Multilayer coated Cu nanoparticles (CNPs) at a relatively high temperature which is 350°C. 16) In this paper, optimized sintering process of nanoink at low temperature was reported with respect to investigating complete removal temperature of organic materials prior to sintering.
Experiment Procedure
CNPs with an average diameter of 100 nm, are synthesized by polyol method.
14) The coating was done using the equipment as shown in Fig. 1 . When the vaccum chamber reaches set-point (2.67 Pa), 1-octanethiol vapor goes into chamber and VSAMs are formed on the surface of copper nano powders which are not oxidized.
The fabricated ink consists of 10 mass% 1-octanethiol coated CNPs and 90 mass% 1-octanol. The powders and solvent were placed into a bottle and then sonicated for 30 min for dispersion. The dimension of the sample was 10 mm © 10 mm on slide glasses with 30 ul of ink. The heattreatment was done in hydrogen gas (99.999% purity) atmosphere with 5°C/min of heating rate followed by 2°C/min of cooling rate. During heating profile, intermediate step at 150°C for 1 h and at 200°C for 1 h, were studied separately to investigate optimum temperature for removing organic materials such as 1-octanethiol and 1-octanol before sintering among Cu powders. The final sintering temperatures at 350°C for 4 h and at 200°C for 8 h were tested separately. The coating layers on the surface of Cu powders were confirmed by XPS and TEM analysis. Stability of dispersion was observed by viscometer (DV-II+ viscometer, Brook field). Electrical resistivity was measured using 4-point probe for sheet resistance and alpha-step for its thicknesses. Samples were observed using SEM. XPS and TG/DTA analyses to check for any residual organic materials after sintering. Figure 2 shows TEM image of VSAMs coating with its thickness of 10 nm on the surface of non-oxidized CNPs. As shown in the Fig. 2 , VSAMs were evenly coated on the surface of 100 nm-sized Cu powders. To confirm that 1-octanethiol was successfully bonded on the surface of Cu powders, XPS analysis was performed (Fig. 3) , and at around 162 eV, a peak for CuS bonding was successfully detected on the surface of CNPs.
Results and Discussion

1315)
To study how those powders were dispersed, viscometer was used. The initial viscosity of the ink was measured to be 8.3 cP. After 6 weeks later, the change in viscosity of the ink is minimal. (Table 1 ) This result indicates the stable dispersion of the ink. The aliphatic chain group has its character of non-polarity as chain length becomes longer as 1-octanethiol which is coated on the copper powder also has non-polarity. Therefore, we assume that molecular similarity between 1-octanethiol and 1-octanol result in stability of dispersion. Methanol, ethanol and butanol were used for ink, but their period of dispersion was less than 1 day. This result means that chain length of molecule influences on dispersion as well as its similarity of molecular structure.
TG/DTA analysis was performed to study removal temperature of organic materials before sintering. Figure 4 shows its rapid decrease in mass of the ink at 80°C which is flash point of 1-octanol. At temperature less than 142°C, mass reduction of the ink almost completed. After that, there is no mass reduction, indicating that the organic materials can be removed in the range of temperatures from 80 to 142°C. This result agrees with Fig. 5 which shows XPS result of Cu powders after sintering; a peak at 162 eV peak was not found. This indicates that there is no CuS bonding and 1-octanethiol was successfully removed after sintering.
As show in Fig. 5 , oxygen peak increased significantly. The sample was sintered while 1-octanethiol coating layer was removed with surface oxidation. The resistivity of the sample was observed in the range of 10 ¹8 to 10 ¹7 ³·m which confirms surface oxidation with no internal oxidation. Moreover, the amount of carbon which is 37.62 at%, was detected. One might suspect that this carbon peak might be from residual 1-octanethiol. However, the study done by Kwon et al. showed that 29 at% of carbon was detected in Cu sample which was not coated with 1-octanethiol and oxidized for 20 days as shown in Table 2 . 7) This amount of carbon in the air is quite similar to the amount of carbon detected after sintering, indicating that carbon peak detected after sintering is not due to residual 1-octanethiol on the surface of Cu powders, but due to carbon in the air. Absence of CuS peak after sintering also confirms that the carbon peak is not due to residual 1-octanethiol but from the air.
The electrical resistivity of the sintered Cu powders with 150°C-1 h step followed by 350°C-4 h was measured to be 2.63 © 10 ¹7 ³·m and the electrical resistivity of the sintered sample with 200°C-1 h step followed by 350°C-4 h was measured to be 5.69 © 10 ¹8 ³·m. From this result, having 200°C-1 h step results lower resistivity than the sample with 150°C-1 h step. TG/DTA result indicated that the organic materials can be removed under 150°C. However, the removal speed of organic materials depends on temperature, influencing its resistivity. Figure 6 shows SEM images of Cu samples under different sintering conditions. The particle growth of the sintered sample with intermediate step at 200°C was bigger than the sample with intermediate step at 150°C. The porosity within the sintered sample with 200°C-step was less than that with 150°C-step. Therefore, 200°C is the optimized removal temperature for organic materials before Cu powders get sintered.
Based on these results, the sample was sintered at 230°C with 200°C-1 h step and its electrical resistivity of the sample was measured to be 7.67 © 10 ¹8 ³·m. This resistivity is comparable to the one sintered at 350°C for 4 h. Moreover, Fig. 6 shows that the porosity of the sintered samples at 350°C for 4 h and at 230°C for 8 h is comparable whereas the porosity of the sintered sample with 150°C-1 h step seems to This analysis shows that CuS bonding disappeared after sintering, indicating that 1-octanethiol and 1-octanol were removed successfully. Table 2 XPS analysis of Cu surface with no 1-octanethiol coating followed by its exposure to air for 20 days. 18) Compared to that, our study used a much lower copper content (10 mass%) but gave a comparable resistivity (5.69 © 10 ¹8 ³·m) when sintering was done in hydrogen atmosphere. This low temperature sintering result shows that ink jet printing and sintering on flexible substrate is possible.
Conclusions
Cu ink using 1-octanol solvent was synthesized and Cu patterns were made successfully. 1-Octanethiol was coated on the surface of CNPs for oxidation prevention, and the ink using these powders was prepared using 1-octanol as a solvent. The prepared ink was stable over 6 weeks as CH 3 chain length of solvent dramatically affects the stability of dispersion. For sintering, an intermediate temperature at 200°C step was found to be the optimum temperature to remove organic materials before sintering compared to the sample with an intermediate temperature at 150°C. The electrical resistivity of the sintered Cu powders with 150°C-1 h step was measured to be 2.63 © 10 ¹7 ³·m whereas the electrical resistivity of the sintered sample with 200°C-1 h step was measured to 5.69 © 10 ¹8 ³·m. Moreover, SEM images for these samples show that grain growth and necking were much better for the sample with 200°C-1 h step than the one with 150°C-1 h step. Therefore, it was found that this step temperature for removing organic materials has a dramatic effect for sintering.
Electrical resistivity was measured to be 5.69 © 10 ¹8 ³·m for the sample sintered at 350°C for 4 h and 7.67 © 10 ¹8 ³·m for the sample sintered at 230°C for 8 h. This result is almost similar to 5.4 © 10 ¹8 ³·m using 15 nm-sized Cu powders according to the previous study. 19) Therefore, 1-octanethiol VSAMs and 1-octanol ink were used successfully for lowtemperature sintering process to fabricate conductive Cu patterns by finding optimum temperature of 200°C for complete removal of organic materials prior to sintering process.
